There is considerable evidence for genetic control of resistance to infections by bacteria, viruses, and protozoa (1) . One class of genes confers resistance by nonimmunological mechanisms . Notable examples are the Duffy and Mx genes, which affect resistance to Plasmodium vivax and influenza virus, respectively (2, 3) . A second class of genes that may confer resistance by immunological mechanisms has been inferred from the responses of inbred mice to a variety of infectious agents (1) . However, with the exception of loci in the MHC (1), the relevant genes and their products have escaped molecular definition . We have approached this problem by molecular cloning and analysis of genes that map to loci involved in regulation of immune responses. This approach led previously to the description of the regulatory protein T lymphocyte 1 (Rpt-1)t gene, which encodes an intranuclear protein that inhibits expression of the human HIV-1 in T cells (4) .
In this report, we describe a murine cDNA, designated early T lymphocyte activation 1 (Eta-1), which maps to a locus that confers genetic resistance to infection by bacteria responsible for human scrub typhus (5) . The Eta-I gene encodes a very acidic secreted protein that has structural features associated with binding to cell adhesion receptors. Studies of the cellular expression of Eta-I suggest that it marks a rapid T cell-dependent response to bacterial infection that may be associated with host resistance . forming units (PFU) using irradiated L929 cells ; 1 PFU is sufficient to cause lethal infection of the Rics mouse strain C3H/Dub (19) .
cDNA probes to Eta-1 and IFN-y (Ifg) hybridized to a single species of RNA according to Northern blot analysis ( Fig. 1 and reference 4) , and the levels of gene expression quantitated by densitometric measurement of Northern blots were the same as levels obtained by slot blot analysis. We used the latter technique to facilitate analysis oflarge numbers of samples . Peritoneal cells from three to five mice inoculated intraperitoneally with mitogen, CFA, or after infection with 103 LD30 U of RT were collected for each RNA sample. In experiments using mice carrying the nu/nu mutation, mesenteric lymph node cells were combined with peritoneal cells to obtain sufficient amounts of RNA for measurement .
After extraction of cellular RNA by the guanidine isothiocyanate method with cesium chloride modification (20) , the amount of RNA in each sample was estimated by determining its absorbance at 260 nm (OD26o) . 20-Wg aliquots of RNA from each cellular sample were blotted onto nitrocellulose filters using a Minifold II slot blotter (Schleicher & Schuell, Inc., Keene, NH) and hybridized to 32P-labeled cDNA corresponding to murine Ifg (4), Eta-1, and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) . GAPDH is expressed in all cells at levels that do not vary after cellular activation (20) .
After preflashing, films were exposed and the intensity of radioactivity of the autoradiograms was quantitated using an Ultroscan II laser densitometer (LKB Instruments, Inc., Gaithersburg, MD), adjusting exposure times so that the intensity ofautoradiographic signals corresponded to the linear range of densitometric detection. To ensure that the variation in the intensity of radioactive signals among different samples was independent ofthe fragment ofcDNA probe used for hybridization, two fragments were separately used for Eta-1: an Xho I fragment containing the whole cDNA insert and an Hae III fragment spanning the 3' coding region (Fig. 2 A) .
To ensure that comparisons of Eta-1 and Ifg RNA levels in different cellular samples were based upon the same amount of RNA in each sample, the area under the densitometric peak for Eta-1 and Ifg for each cellular RNA sample was divided by the area under the GAPDH densitometric peak for the same cellular RNA sample. The ratios of test RNA to GAPDH RNA for each cellular sample are referred to as relative densitometric units (RDU) in the text.
Results
We derived a cDNA library (3.8 x 105) from an activated T cell clone (C1 .Ly1-Tl) . About 104 colonies from this cDNA library were screened using a T cell cDNA probe from which B cell and fibroblast messages had been subtracted. After removal ofcolonies that hybridized with cDNA representing known lymphokines (e.g., IL-2, IL-3, IFN -'Y), analysis ofthe remaining colonies (-400) showed that -60 contained the same insert according to crosshybridization and restriction digest analysis, and accounted for -3 .0% of the inserts in the activated T cell cDNA library.
The Xho I fragment corresponding to the abundant cDNA insert, designated Eta-I, was used as a probe for Northern analysis of the corresponding mRNA in different cell types (Fig. 1 A) . Steady-state levels of Eta-1 mRNA were very low or undetectable in unstimulated Th clones ( Fig. 1 A, lanes a and c) and increased substantially within 18 h after activation by Con A (Fig. 1 A, lanes b and d) . Similar results were seen with the Thy-1 +Ly-2-Ly-4' clone NK-11 ( Fig. 1 A, lanes e andf) . By contrast, no hybridization was detected to poly(A) + RNA from the mast cell clone MC-9 in the presence or absence of Con A (Fig. 1 A, lanes g and h) , from the murine B cell tumor 2PK3 (Fig. 1 A,lane z) or, using the hybridization conditions described, from PHA-stimulated human peripheral blood lymphocytes ( Fig. 1 A, lane j) .
We asked ifEta-1 was expressed in vivo or whether its rapid induction after activation was a special feature of lymphocytes after long term in vitro growth . Spleen, thymus ( Fig. 1 B) , lymph node, and peritoneal cells from adult mice (latter two not shown) did not contain detectable levels of Eta-1 RNA. However, cells from mice inoculated with an oil emulsion of killed Mycobacterium bovis (CFA) (Fig . 2 A) or the T cell mitogen Con A (Fig . 2 B) expressed substantial levels of Eta-1 RNA within 24 h after stimulation.
Structure ofEta-1 cDNA and Predicted Eta-1 Protein. Fig. 3 shows the restriction pat- 
CCTTATGAGAOOTOGAGAGDTAGMAAGOCJ~GCAAATATKALTCAR'GAAATTTTRCL011W 100
TOTADAAADATT=TATMATTATTOLTOACTtOGTDGTOJITRA(:fGGTOCGU1DfG75TOTTTOMCCTOACAAWGTCMCT07OCRGTAAAATA 700 fits the consensus for eukaryotic translation initiation signals (21) . The 3' noncoding sequence in the cDNA contains two potential polyadenylation signals (underlined in Fig. 3 B) and lacks the consensus sequence "TTATTTAT" present in the mRNAs that encode other defined T cell lymphokines (22, 23) .
The product ofthe open reading frame in the sequenced Eta-1 cDNA is extremely hydrophilic (24) and displays several features of a secreted protein. It has a hydrophobic leader sequence that is similar to that ofhuman and chicken transferrin (25) ( rule and von Heijne's algorithm) (26, 27) almost at the transition from the NH2-terminal hydrophobic sequence to a hydrophilic segment of the molecule (Fig. 3, B and C. The last four amino acid residues of the putative eta-1 leader sequence are similar to those in the IL-7 leader (28, 29) (Fig. 3 C. Eta-1 lacks an obvious membrane anchoring region (30) . One potential N-linked glycosylation site (N-X-S or N-XT) is present at position 78-80 (Fig. 3 C, open circle) . There are also two tripeptides with the sequence S-X-P and 20 with the sequence S-X-E, which could serve as 0-linked glycosylation sites (Fig. 3 C, closed circles) . Eta-1 is unusually rich in aspartic and glutamic acid residues (22% D + E) and it has a predicted pI of 4.18.
The tripeptide sequence Arginine-Glycine-Aspartate (RGD) is present in eta-1 (Fig. 3, B and C) . The RGD motif, although not unique, forms a critical part of the cellular binding site on a family of extracellular proteins that are involved in cell migration and interaction (31) . The family includes fibronectin, fibrinogen, parvalbumin, thrombospondin, and vitronectin. The RGD tripeptide in eta-1 is located at residues 144-146 and is present within a longer subsequence that is highly similar to that surrounding the RGD motif in fibronectin (Fig. 3 C. Moreover, the RGDcontaining subsequence of eta-1 contains the amino acid residues required for formation of two closely spaced /3 bends that determine the highly ordered structure associated with functional binding to cellular adhesion receptors (32) .
There are two negatively charged stretches in eta-1 (positions 85-96 and 200-207) that are similar to subsequences in thrombospondin and are probably involved in calcium binding (Fig. 3 C and reference 33 ). These two subsequences are likely to constitute E-F hand calcium binding sites since most, if not all, vertex positions are occupied by aspartic acid residues (34) . Calcium binding in thrombospondin has been shown to cause structural changes that may affect the specificity of binding of the adjacent RGD motif (see reference 32 for review).
Expression of Recombinant Eta-1 Protein in Mammalian Cells . To confirm that Eta-1 cDNA is functional and that its product is secreted, COS-7m6 cells were transfected with either the pcD vector containing a full-length Eta-1 cDNA insert (pcD-Eta-1) or the pcD vector alone (see Materials and Methods). The pcD vector includes the SV40 early enhancer-promoter region and polyadenylation signals. Poly(A)+ RNA from COS-7m6 cells was obtained at 48 h after transfection and analyzed by Northern blot using radiolabeled Eta-1 cDNA as probe (Fig . 4 A) . The probe hybridized with a 2.2-kb RNA from COS-7m6 cells transfected with pcD-Eta-1 (Fig . 4 A, lane a) that corresponds to the expected size plus SV40 sequences. No hybridization to the 5 wg of poly(A)' RNA was tested for Eta-1 transcription using the nick-translated Xho I fragment as a probe (shown in Fig. 3 A) . Hybridization (lane a) to a 2.2-kb RNA corresponds to the expected size of the cDNA insert (1 .55 kb) plus SV40 sequences (0.5 kb) plus poly(A) (0 .15 kb). (B) cDNA transcription increased rapidly between 48 and 72 h and decreased substantially by 96 h. This is shown by the blot analysis using the Xho I fragment as probe for total COS-7m6 cell RNA. (a) 72 h after transfection with pcD-Eta-1; (b) pcD vector without cDNA insert at 72 h; (c) pcD vector without insert at 80 h; (d) 80 h after transfection with .FcD-Eta-1 ; and (e) 96 h after transfection with pcD-Eta-1. (C) Superantant fluid proteins from ;-S-methionine-labeled COS-7m6 cells that had been transfected with pcD-Eta-1 (COS-E') or pcD alone (COS-E -) were analyzed by electrophoresis in two dimensions using a modification of O'Farrell (18) (see Materials and Methods) . pl scale was determined by using the following standard proteins : aminoglucosidase (pH 3 .55), B-lactoglobulin A (pH 5 .13), and myoglobin (pH 6.76 and 7 .16) . The protein patterns are virtually identical except for a diffuse band having a size of -60 kd and a pI of -4 .5 (denoted with arrow) .
Eta-1 probe was detectable in RNA from COS-7m6 cells transfected with pcD vector alone (Fig . 4 A, lane b) . Analysis of Eta-1 transcription at intervals after COS cell transfection showed that maximal steady state levels of Eta-1 RNA were present between 48 and 72 h after transfection (Fig . 4 B) .
Two-dimensional gel electrophoresis analysis of supernatant fluids from 35S metabolically labeled COS-7m6 cells that had been transfected with pcD-Eta-1 (designated as COS-E+ ) or with pcD (COS-E -) showed identical protein patterns, except for the presence in COS-E+ of a diffuse band corresponding to a molecular mass of -60 kD and a pI of -4 .5 (Fig . 4 C) . Measurement of 35 S cpm after extraction of each of the labeled bands from the gel indicated that the 60 kD/pI 4.5 band accounted for N5% of the total biosynthetically labeled protein in the supernatant fluid. Although the molecule migrated as a highly acidic protein, as expected from the predicted amino acid sequence of Eta-1 cDNA, its size was larger than expected . Three independent experiments confirmed that COS-E+ (but not COS-E-) supernatant fluids contained a diffuse band having a pI of 4-4.5 and an estimated size of 55-60 kD (not shown) . Since the secreted form of the eta-1 protein lacks cysteine residues (Fig. 3 B) , its position on the polyacrylamide gel is not altered by cleavage of disulfide bonds. Expression of Eta-1 cDNA in COS-7m6 cells should be accompanied by correct glycosylation. Possibly, the size of the molecule may reflect the effects of glycosylation at the sites indicated in Fig. 3 C, consistent with the charge heterogeneity evident after isoelectric focusing (Fig . 4 C) . Further analysis of the protein and carbohydrate structure of this molecule is necessary for direct determination of its correspondence to the protein product predicted from the Eta-1 cDNA sequence (Fig . 3) .
Allelic Forms of Eta-1 and Linkage to the Ric Locus. To determine whether the Eta-l gene maps to any of the loci that are thought to affect immune responses, we determined the chromosomal location of the Eta-1 gene using DNA from a panel of 20 mouse/hamster somatic cell hybrids. After digestion with Eco RI, a mouse-specific 6 .8-kb fragment that hybridized to the radiolabeled Eta-1 probe was either present or absent with chromosome 5 (Table I) . Digestion of DNAs from a variety of inbred strains with Eco RV (not shown) or with the combination of Eco RV and Xba I (Fig. 5 ) generated RFLPs that identified two Eta-1 gene alleles (Eta-1 a and Eta-1b) in the parental strains of the BXH and CXS series of recombinant inbred (RI) strains. Analyses of 12 BXH and 14 CXS RI strains showed complete concordance for segregation of Eta-1 RFLPs and alleles at Ric (5), a locus conferring inborn resistance of mice to lethal infection with RT (Table II) . Among the CXS RI strains, there was also complete concordance for Eta-1 RFLPs and alleles at the Afp, Bcd-1, and Dao-1 loci, which are all linked to the Ric locus. Additional studies of C57BL/6Ty-le mice were informative in placing Eta-1 proximal to the rd locus in linkage with Ric (Table 11) . These results demonstrated that the Eta-1 gene maps to chromosome 5 between the Pgm-1 and rd loci, and 0-4 cM from the Ric locus with a confidence limit of 95% (35) .
Inbred mouse strains are either very resistant (Ric R) or very susceptible (Ric') to RT infection (5, 36) . We asked if there was an association between expression of the two RFLPs representing Eta-la and Eta-Ib and the two alternative phenotypes of Ric. With one exception, expression of Eta-la was associated with the RicR phenotype, while expression of Eta-lb was associated with the Ric' phenotype (Table III) . Kinetics of Expression of Eta-1 in Mice after Infection with Rickettsia and Dependence on T Cells. Inbred mouse strains that carry the Ric' (resistant) allele suppress local growth of RT after intraperitoneal inoculation, while Rics (susceptible) strains fail to suppress intraperitoneal growth and die from widespread infection within [10] [11] [12] [13] [14] d (5, 36) . In view of the association of the Eta-1a RFLP with the Ric' allele and the Eta-Ib RFLP with Rics, we determined the levels of Eta-1 gene expression infected with RT. CBA/CaJ and CBA/J are genetically similar substrains that differ at both Ric and Eta-1 : CBA/CaJ is Ric'/Eta-Ia and CBA/J is Rics/Eta-Ib (Table II and reference 5) . Eta-1 gene expression in peritoneal cells increased within 24 h of intraperitoneal RT infection of CBA/CaJ mice and remained elevated over the next 6 d (Fig. 6 ) . Peritoneal cells obtained from CBA/CaJ mice 5 d after RT infection contained 0-1 RT bacterium/cell . In contrast, peritoneal cells from infected CBA/J mice did not express significant levels of Eta-1 for the first 4 d after RT infection (Fig . 6 ) and peritoneal cells obtained from these mice 5 d after infection contained CXS 3 7 1011121314 >50 RT bacterium/cell . Failure to express Eta-Ib early after RT infection of CBA/J mice does not reflect a generalized failure to express this Eta-1 allele because inoculation of these mice with Con A resulted in strong induction of Eta-1 within 24 h (Fig . 7 A) . Since IFN-y has been implicated as an important mediator of host resistance to Rickettsial infection (37, 38), we measured in situ transcription of this cytokine after Days After Infection infection of the two CBA substrains . Peritoneal cells from CBA/CaJ and CBA/J mice did not express elevated levels of mRNA until 5-7 d after infection; the increase at this time was similar in the two mouse strains (Fig. 6) .
Expression of Eta-1 after T cell activation ( Fig . 1) and previous studies suggesting that T cells were required for resistance to RT infection (39) prompted us to determine whether Eta-1 induction early after RT infection depended upon T cells. (C57BL/6 x CBA/J)Fi mice (RicR/'; Eta-1") expressed Eta-1 48 h after RT infection, consistent with the dominant effects of the RicR allele in conferring resistance to RT infection (Fig . 7 B, and reference 5) . Littermates of these Ft mice that were homozygous nu/nu did not express significant levels of Eta-1 48 h after RT infection unless they had received T cells from syngeneic donors immediately before infection (Fig . 7 B) .
Discussion
Early protection against bacterial infection is generally thought to depend on a nonspecific host response that includes production of acute phase proteins such as complement and CRP, as well as a nonspecific reaction of macrophages and granulocytes (1). Subsequent protection comes from the development of a specific immune response that usually depends on T cells (1) . This division of labor does not easily account for the host response to RT, a Gram-negative intracellular bacterium that is the etiologic agent of human scrub typhus (5) . This model of bacterial infection has been studied extensively because resistance to the lethal effects of acute infection is under unigenic dominant control by the Ric locus (5). Susceptible mouse strains (Ric') allow local and systemic bacterial growth during the first week of RT infection and die within 10-12 d. By contrast, RICK strains show minimal levels of bacterial infection over the first week and survive infection (37, 40) . Although Ric affects early resistance to RT infection, mice bearing the RicR genotype are converted to the Ric' phenotype if T cell development is genetically impaired by the nu mutation (39, 41) . An explanation for these observations is provided by analysis of the Eta-1 gene, which maps to the Ric locus . We find that Eta-1 expression is part of a surprisingly early T-dependent response after RT infection of RicR but not Rics hosts.
We detected Eta-1 gene expression in activated lymphocytes, including T cells and a subset of NK cells . We have provisionally designated the gene described in these studies as Eta-1 based upon its cellular expression in vitro and its rapid induction after RT infection in vivo. The expression of Eta-1 by T lymphocytes and observations suggesting that it encodes a secreted product fit the definition oflymphokines and suggest that it might be given an IL prefix. However, further studies are required to determine the effect of Eta-1 on other lymphocytes and target cells unrelated to leukocytes. In addition, a comprehensive survey of RNA from different cell types using subprobes of Eta-1 and S1 nuclease mapping is required to completely define its cellular expression and identify potential homologous transcripts . For example, osteopontin is a bone sialoprotein that contains an RGD subsequence and is highly homologous to eta-1 (42, 43) . No immunological activity for osteopontin has been shown, and osteopontin is reported to be present in bone, kidney, placenta, and certain neuronal cells (44) . Osteopontin contains two additional repeats of a subsequence that is present only once in eta-1, and contains a pentapeptide, YKQRA, absent from eta-1; there are a total of 43 encoded amino acid residues that differ between eta-1 and osteopontin, out of which, 28 are nonconservative substitutions . Eta-1 shows no obvious similarity with either a recently described family of genes that may encode secreted, inducible leukocyte products (45) or with known antibacterial peptides, including attacins, cecropins, diptericins, defensins, or macrophage antibacterial products (46, 47) .
Although mapping studies show complete concordance of Eta-1 RFLP with Ric, it is not possible to formally demonstrate identity from coincident mapping . Additional evidence on this point comes from a survey of Eta-1 alleles expressed by independently derived inbred mouse strains. Expression of the Eta-1 a allele was associated with the RicR phenotype, and expression of Eta-I b was associated with the Ric' phenotype (Table III) . Independent segregation would be expected if Ric and Eta-1 were closely linked but separate genes. These findings, along with its location, suggest that Eta-1 may be the gene postulated from studies of the Ric locus . Direct evidence for the potential role of the Eta-1 gene product in resistance to RT should come from the ability to transfer RT resistance by provision of recombinant eta-1 protein to genetically susceptible mouse strains.
We have so far been unable to detect additional RFLPs of the Eta-1 gene using different restriction endonucleases . However, if the Eta-1 gene confers resistance to RT infection, a third functional allele must be carried by DBA/2, which represents an Ric' strain that does not express Eta-1 b (Table III) . Additional characterization of the structure and expression of the DBA/2 Eta-1 gene is necessary to test this hypothesis .
We used a pair of genetically similar CBA substrains (N85-90% identical outside of Ric according to genetic marker analysis [48] ) to study in situ expression of Eta-1 during the course of RT infection . CBA/CaJ mice (Eta-la/Ric R), but not CBA/J (Eta-Ib/Ric'), expressed high levels of Eta-1 throughout the first week of bacterial infection and showed minimal levels of intraperitoneal infection. These findings suggest that this form of genetic resistance may be associated with a rapid Eta-1 response and inhibition of early bacterial replication . Additional studies are needed to determine whether levels of eta-1 protein produced after RT infection correlate with expression at the RNA level.
The genetic mechanism resulting in differential transcriptional activation of the alleles of Eta-1 after RT infection is not addressed in this report . Possibly, the Eta-lb polymorphism affects an inducible segment of the gene, resulting in decreased levels of transcriptional activity after cellular activation by Rickettsia, similar to the effects of a polymorphism of the alcohol dehydrogenase gene on constitutive levels of cellular transcription (49) . Alternatively, the genetic alteration in Eta-lb may be a mutation or deletion affecting the activity of the eta-1 protein and the levels of Eta-1 gene expression after RT infection noted in this study might reflect genetic differences outside of the Eta-1 locus. For example, these CBA substrains also differ at Mls-1 and Mls-2 (50) . One effect of this difference is that CBA/J, but not CBA/Caj, mice lack a substantial population of T cells that express particular V-0 chains (51) . We are examining the specificity of the T cell response to RT, as well as the possibility that clonal deletion within the T cell repertoire of CBA/J mice affects the early Eta-1 response to RT.
Although early resistance to bacterial infection has generally been attributed to nonspecific host mechanisms, there is increasing evidence that large number of T cells may be predisposed to recognize antigens expressed by some bacteria (52, 53) , suggesting the possibility that infection by these bacteria might mobilize rapid and vigorous T cell responses in vivo. This appears to be the case for RT, although the mechanism of T cell activation by this bacterium is not well understood . It may be relevant that, in contrast to Eta-1, induction of Ifg is not apparent until 5-7 d after infection by RT. More sensitive methods may be required to detect an earlier increase in steady-state Ifg RNA. However, these data suggest that Eta-1 expression may precede the induction of classical T cell genes in the response to this bacterial infection. Further insight into the role of this rapid T cell response in protection against bacterial infection, and its relationship to the development of classical forms of T cell immunity, should come from studies of the biological activity of the eta-1 protein.
Summary
We describe a murine cDNA, designated Early T lymphocyte activation 1 (ETA-1), which is abundantly expressed after activation of T cells. Eta-1 encodes a highly acidic secreted product having structural features of proteins that bind to cellular adhesion receptors. The Eta-1 gene maps to a locus on murine chromosome 5 termed Ric that confers resistance to infection by Rickettsia tsutsugamushi (RT), an obligate intracellular bacterium that is the etiological agent for human scrub typhus . With one exception, inbred mouse strains that expressed the Eta-la allele were resistant to RT infection (RiCR), and inbred strains expressing the Eta-l b allele were susceptible (Rics) . These findings suggest that Eta-1 is the gene inferred from previous studies of the Ric locus (5) .
Genetic resistance to RT infection is associated with a strong Eta-1 response in vivo and inhibition of early bacterial replication . Eta-1 gene expression appears to be part of a surprisingly rapid T cell-dependent response to bacterial infection that may precede classical forms of T cell-dependent immunity.
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